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1
MICROMECHANICAL DIGITAL
LOUDSPEAKER

TECHNICAL FIELD

Some embodiments according to the invention are related
to a digital loudspeaker. Some embodiments according to the
invention are related to a method for manufacturing a digital
loudspeaker. Some embodiments according to the invention
are related to a method for operating a digital loudspeaker.

BACKGROUND

A majority of the loudspeakers manufactured and used
today are of the electrodynamic type. A common design of an
electrodynamic speaker includes a permanent magnet, a
moveable coil within a magnetic field produced by the per-
manent magnet, and a membrane attached to the moveable
coil. An alternating electric current flowing through the coil
causes the coil to oscillate within the magnetic field, thus
driving the membrane, which in turn produces a sound. An
electrodynamic loudspeaker typically has a relatively large
back volume behind the membrane, ie., at a side of the
membrane opposite to the side of the membrane from which
the sound waves are propagated to the environment. The size
of the back volume of an electrodynamic loudspeaker typi-
cally is reciprocally related to the intended frequency range of
the loudspeakers, that is, a loudspeaker of a low frequency
range typically has a relatively large back volume.

Notable alternatives to electrodynamic loudspeakers are
piezoelectric loudspeakers and electrostatic loudspeakers.

Besides the underlying physical phenomenon that is used
in a loudspeakers (electrodynamic, piezoelectric, electro-
static, etc.), loudspeakers may also be distinguished by their
structure and their method of manufacture. In recent years
various solutions were proposed that are aimed at manufac-
turing loudspeakers based on micromechanical construc-
tions. Some of these solutions propose the use of piezoelectric
or ferroelectric materials on micromechanical membranes
made from silicon. For the manufacture of such microme-
chanical loudspeakers, a new material system is integrated
into the semiconductor manufacturing process. Typically, the
loudspeakers manufactured in this manner are analog trans-
ducers, as are the majority of today’s loudspeakers.

In contrast to analog loudspeakers, digital loudspeakers
use pressure waves having discrete sound pressure levels
(SPL). To this end, the sound producing element within the
digital loudspeaker performs a predefined movement of a
predefined amplitude. A digital-to-analog conversion, which
is typically performed electrically and upstream of an elec-
trical input of an analog loudspeaker in many modern elec-
tronic devices, is actually moved to the sound or pressure
variation side of a digital loudspeaker. The ear of a listener
may also be involved in the digital-to-analog conversion of
the digital sound signal. Digital loudspeakers typically com-
prise relatively large arrays of basic transducer elements.

SUMMARY OF THE INVENTION

Some embodiments according to the invention provide a
digital loudspeaker comprising a substrate, a first stator, a
second stator, and a membrane. The first stator and the second
stator are fixed with respect to the substrate and the second
stator is spaced at a distance from the first stator. The mem-
brane is arranged between the first stator and the second stator
and is displaceable between a first position in which the
membrane mechanically contacts the first stator and a second
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2

position in which the membrane mechanically contacts the
second stator. The first stator and the second stator are
arranged to electrostatically move the membrane from a rest
position to the first position and the second position, respec-
tively. The rest position is spaced apart from the first position
and the second position, typically between the first position
and the second position.

In another embodiment according to the teachings dis-
closed herein, a digital loudspeaker comprises a membrane, a
first stator, and a second stator. The membrane has a first main
surface and is arranged in a sound transducing region of the
digital loudspeaker. The first stator has a second main surface
in parallel to the first main surface of the membrane on a side
of'a first free volume that is opposite the first main surface of
the membrane, i.e., the first free volume is on the other side of
the membrane than the first main surface. The second stator
has a third main surface in parallel to the first main surface of
the membrane on a side of a second free volume adjacent to
the first main surface. The membrane has a rest position
spaced apart from the first stator and the second stator, for
example, between the first stator and the second stator. The
first stator and the second stator are adapted to electrostati-
cally attract the membrane towards the first stator or the
second stator until the membrane mechanically contacts the
first stator or the second stator, respectively.

Another embodiment of a digital loudspeaker according to
the teachings disclosed herein comprise a means for being
deflected from a rest position to a first end position and to a
second end position in response to an electrostatic excitation.
A first abutting means is located substantially at the first end
position and a second abutting means is located substantially
at the second end position. The means for being deflected is
adapted to mechanically contact the first abutting means
when being in the first end position. The means for being
deflected is also adapted to mechanically contact the second
abutting means when being in the second end position.

A method for manufacturing a digital loudspeaker accord-
ing to the teachings disclosed herein comprises applying a
first stator material on a first main surface of a base structure.
A sacrificial material with a first sacrificial material thickness
t, is applied on a first main surface of the stator material
opposite the first main surface of the base structure. A mem-
brane material on a first main surface of the sacrificial mate-
rial is applied opposite the first main surface of the stator
material. A further sacrificial material with a second sacrifi-
cial material thickness t, is applied on a first surface of the
membrane material opposite the first main surface of the
sacrificial material. The sacrificial material and the further
sacrificial material in a sound transducing region of the digital
speaker is removed. The first sacrificial material thickness t,
and the second sacrificial material thickness t, are suitably
chosen to allow the membrane material, when being electro-
statically deflected, to mechanically contact the first stator
material or the second stator material after removal of the
sacrificial material.

A method for operating a digital loudspeaker according to
the teachings disclosed herein comprises applying a first elec-
trical potential to a first stator, applying a second electrical
potential to a second stato; and applying a third electrical
potential to a membrane. A difference between the first elec-
trical potential, the second electrical potential, and the third
electrical potential causes the membrane to be attracted to a
first stator or the second stator until it reaches a first end
position or a second end position, respectively. In the first end
position the membrane mechanically contacts the first stator
and in the second end position the membrane mechanically
contacts the second stator.
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BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 shows a schematic cross section through a micro-
mechanical, digital loudspeaker according to the teaching
disclosed herein;

FIG. 2 shows a conceptual drawing of functional elements
of a digital loudspeaker according to the teachings disclosed
herein;

FIG. 3 shows a schematic cross-section through a loud-
speaker and a first possible arrangement of an electric circuit
for driving a loudspeaker in the analog or digital domain;

FIG. 4 shows a schematic cross-section through a loud-
speaker and a second option for an electric circuit for driving
an analog loudspeaker in the analog or digital domain;

FIG. 5 shows a schematic cross-section through a digital
loudspeaker according to an embodiment of the teachings
disclosed herein;

FIGS. 6A to 6F show top views of a digital loudspeaker at
different stages of a manufacturing process;

FIGS. 7A to 70 show schematic cross-sections through a
substrate and various layers applied to the substrate at differ-
ent stages of the manufacturing process of the loudspeaker
according to the teachings disclosed herein;

FIG. 8 shows a schematic cross-section through an array of
digital loudspeakers;

FIG. 9 is a conceptual drawing of a cross-section through a
digital loudspeaker according to the teachings disclosed
herein illustrating an aspect of the configuration and opera-
tion of the digital loudspeaker;

FIG. 10 is a schematic top view of the membrane of a
digital loudspeaker, illustrating an option for defining a con-
tact area between the membrane and either the first stator or
the second stator;

FIGS. 11A and 11B are conceptual drawings of a sche-
matic cross-section of functional elements of a digital loud-
speaker according to the teachings disclosed herein in two
different states of excitation; and

FIG. 12 is a schematic flow diagram of a method for oper-
ating a digital loudspeaker.

DETAILED DESCRIPTION OF ILLUSTRATIVE
EMBODIMENTS

FIG. 1 shows a schematic cross-section through a micro-
mechanical loudspeaker according to an embodiment of the
teachings disclosed herein. The digital loudspeaker com-
prises a substrate 10, a first stator 12, a second stator 16, and
a membrane 14. The first stator 12, the membrane 14, and the
second stator 16 are fixed to a support structure 32 which, in
turn, is fixed to the substrate 10. The term “being fixed” could
mean “mounted to”, “attached to”, etc. Typically, the first
stator 12 and the second stator 16 are substantially rigid,
which may be achieved by choosing the thickness and/or the
material of the first and second stators 12, 16, appropriately.
The membrane 14 is deformable so that especially a central
portion of the membrane 14 may be displaced from a rest
position to a first end position and a second end position,
respectively. The membrane 14 is mechanically connected to
the support structure 32 at a circumferential portion of the
membrane 14. The displacement of the membrane 14 or its
central portion toward the first or second stator 12, 16 may be
achieved by exerting an electrostatic force on the membrane
14. In particular, one of the first and second stators 12, 16 may
electrostatically attract the membrane 14, while the other of
the stators may repel the membrane 14. Generally, it will be
sufficient if either a force of attraction or a force of repulsion
acts on the membrane 14 so that at a given time one of the
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stators 12, 16, may be electrostatically neutral with respect to
the membrane 14. The electrostatic effect between the stators
12,16 and the membrane 14 is achieved by applying difterent
electrical potentials to the first stator 12, the second stator 16,
and the membrane 14. To this end, the first membrane is
electrically connected with a connection pad 34¢, the mem-
brane 14 is electrically connected with a connection pad 345,
and the second stator 16 is electrically connected with a
connection pad 34a. The connection pads 34a-34¢ may be
used to electrically connect the digital loudspeaker with a
loudspeaker driver or an amplifier by means of, e.g., bond
wires. The support structure 32 also acts as an electrical
insulator between the first stator 12, the membrane 14, and the
second stator 16, and their respective connection pads 34a-
34c.

The substrate 10 has a cavity 22 beneath the first stator 12
which acts as a back volume of the digital loudspeaker and
allows the membrane 14 to move relatively freely towards the
first stator 12, because any air between the membrane 14 and
the first stator 12 may escape to the cavity 22 through a
plurality of air holes 1 formed in the first stator 12. Thus, the
membrane 14 does not have to overcome a strong counter
pressure when moving towards the first stator 12, or a sub-
pressure (vacuum) when moving away from the first stator 12.
Equally, the second stator 16 comprises similar air holes 1, as
well, through which a pressure wave generated by the mem-
brane 14 may be propagated to the environment. In the
embodiment shown in FIG. 1, the cavity 22 is open at an
opposite side with respect to the membrane-stator arrange-
ment, e.g., at the lower end of the cavity 22, with respect to the
representation of FIG. 1. The cavity 22 is continued in the
support structure 32 a substantially similar manner so that a
first free volume is present above the membrane 14 and a
second free volume is presented beneath the membrane 14, or
to be more precise, above/beneath a central portion of the
membrane 14. These free volumes allow the central portion of
the membrane 14 to move up and down and to thereby dis-
place air that is contained in the free volumes. Since a peri-
odical displacement of the air in the free volumes results in a
generation of a sound wave, the prolongation of the cavity 22
through the support structure 32 may be regarded as a sound
transducing region of the digital loudspeaker.

Generally, an electrostatic loudspeaker comprises at least
one capacitor in which one of the plates (i.e., the membrane)
is moveable. When operating such a structure as a loud-
speaker, the capacitor is typically electrically biased and the
electrical input signal representing the audio data to be trans-
duced modulates the electrical field. This modulation of the
electrical field within the capacitor causes the membrane to
oscillate. Typically, this structure has a square-law force/
voltage characteristic and due to the square-law force/voltage
characteristic pronounced distortions may occur especially
for high input voltages of the audio input signal. These dis-
tortions may be particularly irritating at low frequencies, even
for relatively weak sound levels. Analog loudspeakers are
particularly affected by this tendency of the electrostatic
transducer structure to produce relatively strong distortions.
By contrast, a digital loudspeaker may be less affected by this
tendency of the membrane to produce distortions due to its
inherent operating principle. In particular, the membrane of a
digital loudspeaker is designed to be in one of a plurality of
discrete states or positions for the majority of time. Any
transition from a first one of the plurality of discrete states to
a second one of the plurality of discrete states is ideally of
very short duration compared to the duration during which the
membrane is maintained at one of the plurality of discrete
states. Thus, the square-law force/voltage characteristic of a
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membrane can be dealt with in a digital loudspeaker by, e.g.,
assuring that the membrane locks in at one of the plurality of
discrete states. Therefore, an electrostatic transducer struc-
ture as illustrated in FIG. 1 is believed to be well suited for the
purposes of a digital loudspeaker. Furthermore, an electro-
static structure such as, for example, shown in FIG. 1 is
well-suited for being manufactured by means of semiconduc-
tor manufacturing processes. Semiconductor manufacturing
processes facilitate the manufacture of fine, highly integrated
electronic and/or micromechanical structures, such as micro-
mechanical systems (MEMS). This is not necessarily the case
for other types of loudspeakers, such as electrodynamic loud-
speakers. Electrodynamic loudspeakers typically require cer-
tain types of material, e.g., plastic or cardboard for the mem-
brane and permanent magnetic material. These materials are
often unable to endure an oven soldering process (typically
260° C.) unharmed. Such oven soldering processes are, for
example, used during the assembly of a printed circuit board
(PCB). Therefore, additional assembly and connection pro-
cesses are necessary when using electrodynamic loudspeak-
ers.

A digital loudspeaker is well-suited for using an electro-
static operating principle and such an electrostatic transducer
is relatively well-suited for being manufactured by means of
semiconductor manufacturing processes or similar processes.

During digital operation of the digital loudspeaker, the
membrane 14 can be attracted either to the upper stator 16 or
the lower stator 12 by means of a voltage pulse. The voltage
may be chosen sufficiently high so that the membrane abuts at
the respective stator 12, 16, so that two stable states for the
membrane 14 are created. This may be achieved by applying
voltages that are greater than, or at least equal to, the so-called
pull-in voltage. The pull-in voltage is determined by a balance
between a mechanical restoring force and an electrostatic
force of attraction/repulsion. Depending on the use of the
digital loudspeaker, the membrane 14 may be operated at a
clock frequency that corresponds or is close to the resonance
frequency of the membrane 14 in order to substantially maxi-
mize a conversion of electrical energy to mechanical energy
(i.e., sound pressure). The digital loudspeaker illustrated as
the schematic cross-section in FIG. 1 may be summarized as
follows: the digital loudspeaker comprises an electrostatic
transducer which comprises a membrane 14, sandwiched
between two stators 12, 16. Unless specifically otherwise
indicated, the term “contact” or “contacts” may be under-
stood as “mechanical contacts”, “touches”, or “abuts”.

According to the teaching disclosed herein, the membrane
14 is configured to be deflected to an extent that it mechani-
cally touches the first stator 12 or the second stator 16, due to
an electrostatic force acting on the membrane 14. It has been
found that this can be achieved by choosing appropriate
dimensions for the membrane 14 and the gaps between the
membrane 14 and the first and second stators 12, 16. The
following information may be useful for the task of sizing the
digital loudspeaker and optional elements thereof.

The width of the gap between the membrane 14 and one of
the stators 12, 16 corresponds to a first sacrificial material
thickness t; and a second sacrificial material thickness t,, as
will be explained below in the context of the description of the
process for manufacturing the digital loudspeaker. Typical
values for t, and t, may be between 0.5 um and 10 um,
preferably between 0.8 um and 5 um, and more preferably
between 1 pmand 3 um. Typically, t, and t, are approximately
equal.

A membrane has a thickness t,, which is typically between
50 nm and 2000 nm, preferably between 100 nm and 1000
nm, and more preferably between 200 nm and 500 nm. By
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comparing the exemplary values of the membrane thickness
t,, to the exemplary sacrificial material thickness t,, and t,, it
can be seen that the gap width t; or t, is larger than the
membrane thickness t,, by a factor comprised between 2 and
15.

A diameter of a sound transducing region of the digital
loudspeaker may be between 0.1 mm and 10 mm, preferably
between 0.4 mm and 3 mm, and more preferably between 0.8
mm and 2 mm. These values are indicated for a circular sound
transducing region. They may, however, also be applied to
other shapes of the sound transducing region and/or of the
membrane 14, such as a square, hexagonal, etc., in which case
the diameter corresponds to, e.g., the side length of a square,
the length ofa diagonal of the square, or a side-to-side dimen-
sion of a hexagon. As such, the term “diameter” may be more
generally regarded as a characteristic dimension of the sound
transducing region.

Ifa corrugation groove 3 is formed in the membrane 14 (see
for example FIG. 2), the dimensions of the corrugation
groove 3 may be chosen as follows (exemplary only). The
width and the depth of the corrugation groove 3 may be
between 1 times and 5 times the membrane thickness t,,, more
preferably between 1.5t,, and 4 t,,, and even more preferably
between 2 t,, and 3 t,,,. If anti-sticking bumps 2 are formed in
the membrane (see, for example, FIG. 2), the depth of the
anti-sticking bumps may be between 2 t,, and 5 t,,, and more
preferably between 2 t,, and 3 t,,,.

By selecting the dimensions of the digital loudspeaker
within the indicated ranges, the desired property of the mem-
brane 14 can be achieved, i.e., the ability of the membrane 14
to deflect until it contacts the first stator 12 or the second stator
16, when attracted and/or repelled by an electrostatic force.

FIG. 2 shows a cross-section of a digital loudspeaker as a
conceptual drawing. The embodiment shown in FIG. 2 com-
prises some additional features that may improve the perfor-
mance of the digital loudspeaker. The membrane 14 com-
prises one or multiple pressure equalization holes 4 for
pressure equalization and/or lower frequency band limitation.
The pressure equalization hole 4 is primarily intended to
equalize static pressure differences between the volume
above the membrane 14 and the volume beneath the mem-
brane 14. The area of a pressure equalization hole 4 is typi-
cally chosen to be much smaller than the area of the mem-
brane 14 so that the pressure equalization hole 4 has only a
negligible effect on dynamic pressure differences occurring
during the operation of the digital loudspeaker. The reason is
that the relatively small pressure equalization hole 4 has a
relatively low flow capacity so that during one oscillation of
the membrane 14 only a very small volume of air can flow
from the upper volume to the lower volume, or vice versa.
This effect is typically desired for the membrane 14 of the
digital loudspeaker, because it assures that the membrane 14
is able to displace a relatively large volume of air, while
avoiding that the membrane 14 is mechanically biased due to
a static pressure difference between the upper free volume
and the lower free volume. Accordingly, the pressure equal-
ization holes 4 may be regarded as having a relatively low
flow resistance at low frequencies and a relatively high flow
resistance at higher frequencies, that is, the pressure equal-
ization holes 4 may be understood as lowpass filters for an
airflow from the upper volume to the lower volume and vice
versa.

In order to increase the sensitivity of the membrane 14, the
membrane may be provided with one or several corrugation
groove(s) 3.

The corrugation groove 3 may have a shape that is similar
to the shape of the membrane 14, e.g., circular, rectangular,
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square, oval, etc. The edges of the corrugation groove 3 form
a preferred region of flexion of the membrane 14. In the
embodiment illustrated in FI1G. 2, the corrugation groove 3 is
situated relatively close to the circumference of the mem-
brane 14 so that an area enclosed by the corrugation grove 3
corresponds to a relatively large fraction of the entire area of
the membrane 14. The area enclosed by the corrugation
groove 3 benefits from a large displacement of the membrane
14 in this region. Therefore, a corrugation groove 3 may be
provided in order to increase the air volume that is displaced
by the membrane 14 during one oscillation. The corrugation
groove 3in FIG. 2 has a square cross-section, but it could have
another shape, such as a triangular, semi-circular, or oval
cross-section. Furthermore, the corrugation groove 3 could
also extend in the direction of the second stator 16, that is
upwards in FIG. 2.

Another additional structure illustrated in FIG. 2, but not in
FIG. 1, are anti-sticking bumps 2 that are formed at a lower
surface of the membrane 14 and the second stator 16, respec-
tively. In order to prevent the membrane 14 from sticking to
the stators 12, 16, the membrane 14 or a corresponding stator
12, 16 may be provided with a structure that significantly
reduces the contact area between the membrane 14 and the
stators 12, 16. It is sufficient that either one of the surfaces of
the membrane 14 or the opposite surface of the corresponding
stator 12, 16 has the anti-sticking bumps 2. Hence, only the
lower surfaces of the membrane 14 and the lower surface of
the second stator 16 are provided with the anti-sticking bumps
2, while the first stator 12 does not have the anti-sticking
bumps 2. Therefore it is clear that in alternative embodiments
the membrane 14 could have anti-sticking bumps 2 on its
upper surface and its lower surface, or that the membrane 14
does not have any anti-sticking bumps 2 which are provided
instead at the corresponding surfaces of the first and second
stators 12, 16.

Although the teachings disclosed herein mainly cover digi-
tal loudspeakers, FIGS. 3 and 4 relative to analog, electro-
static loudspeakers and the corresponding description below
are provided in order to offer a more complete comprehension
of electrostatic loudspeakers and their operation.

FIG. 3 shows an electrostatic loudspeaker structure and an
analog driving circuit connected thereto. The first stator 12 is
connected to the second stator 16 by means of the respective
connection pads 34¢, 34a, and to DC voltage sources 312,
316. Thus, a constant voltage is applied to the stators 12, 16
with the first stator 12 being at a lower electrical potential
(negative pole) and the second stator 16 being at a higher
electrical potential (positive pole). The membrane 14 is con-
nected via connection pad 346 and an alternating voltage
source 310 to a node between the two DC voltage sources
312, 316. The AC voltage source 310 typically corresponds to
a signal input for the loudspeaker. In this manner, the mem-
brane 14 is electrically wired to an electrical potential that is
between the negative electrical potential of the first stator 12
and the positive electrical potential of the second stator 16.
Typically, the membrane 14 is electrically biased to approxi-
mately the middle of the voltage between the first stator 12
and the second stator 16. During operation of the analog
loudspeaker illustrated in FIG. 3, the AC voltage source 310
applies, in an alternating manner, a more positive electrical
potential and a more negative electrical potential to the mem-
brane 14, in accordance with the audio signal to be trans-
duced. Upon application of a more positive electrical poten-
tial to the membrane 14, the membrane 14 is attracted by the
first stator 12 and repelled by the second stator 16. Since the
membrane 14 is deformable and thus partly displaceable, the
force of attraction and the force of repulsion cause the mem-

5

10

15

20

25

30

35

40

45

50

55

60

65

8

brane 14 to move downwards towards the first stator 12.
Equally, the membrane 14 is caused to move upwards towards
the second stator 16 upon application of a more negative
electrical potential to the membrane 14 by means of the AC
voltage source 310. The varying electrical potential of the
membrane 14 generated by the AC voltage source 310 results
in the corresponding mechanical movement of the membrane
14, which in turn produces a sound wave. An ideal analog
loudspeaker would have a linear characteristic between sound
pressure and voltage of the audio signal produced by the AC
voltage source 310, i.e., the sound pressure produced by the
loudspeaker is proportional to the voltage of an AC voltage
source 310, e.g., by afactork with the unit Pa/V (Pascal/Volt).
The sound pressure could also be proportional to the input
power so that the proportionality factor would have the unit
Pa/W. As mentioned above, it may be a challenge to achieve
a sufficiently high linearity using an electrostatic transducer
structure. One option would be to increase the distance
between the membrane and the stators as well as the driving
voltages so that the actuated membrane movement gets
smaller with respect to the capacitor gaps which results into
an actuation more in the linear range of the capacitor/voltage
characteristics of that transducer. However, excessive topol-
ogy caused by gap sizes >>5 um causes significant efforts in
surface micromachined MEMS structures. Also very high
supply voltages cause difficulties in the driving circuitry for
such a device.

The speaker in configuration of FIG. 3 can as well be driven
with a digital input signal. Then the actuation into the non
linear regime of the actuator is no issue for the performance of
the speaker element.

FIG. 4 shows another option for a driving circuit of an
analog, electrostatic loudspeaker. The driving circuitry illus-
trated in FIG. 4 implements a push-pull operation for linear-
izing the loudspeaker when a strong input signal is applied to
the loudspeaker. The audio input signal is provided to the
driving circuitry via two input ports 410, 411 which are con-
nected to a primary side of a transformer 413. A secondary
side of the transformer 413 has three taps, that is, two end taps
and one center tap. The two end taps are connected to the first
stator 12 and the second stator 16 via the connection pads 34c,
34b, respectively. The center tap is connected to the mem-
brane 14 via the connection pad 344, a resistor 418 and a DC
voltage source 420. The DC voltage source 420 selectively
biases the membrane 14 to a positive electrical potential,
compared to the first and second stators 12, 16. Thus, when at
rest, the membrane 14 is equally attracted by the first and
second stators 12, 16, i.e., a balanced state between the elec-
trostatic forces of attraction and a mechanical retroactive
force is maintained as long as the audio input signal is zero. In
case a time varying audio input signal is applied to the input
ports 410, 411, a time-varying voltage is generated within a
secondary side of the transformer 413. This leads to a varia-
tion of the electrical potentials applied to the first and second
stators 12, 16, and thus also to a variation of the forces of
attraction, one of the forces becoming weaker, while the other
force becomes stronger. This difference of forces of attraction
between the membrane 14 and the stators 12, 16 causes the
membrane to move and produce a sound wave.

The high ohmic resistor 418 is optional for the analog
driving principle since it keeps charge constant on the mem-
brane supporting the linearization for large movement (large
movement with same charge increases the capacitance but
reduces the voltage). For digital driving this resistor is not
needed. As mentioned above with respect to the configuration
shown in FIG. 3, the actuation into the non linear regime of
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the actuator is no issue for the performance of the speaker
element when the loudspeaker is operated in the digital
domain.

FIG. 5 shows a schematic cross-section through a digital
micro loudspeaker. Note that the dimensions are not to scale,
and shadow lines are not (always) drawn. The digital loud-
speaker comprises the substrate 10 as a base on which further
layers of the digital loudspeaker are arranged. The substrate
10 comprises a cavity 22 as already explained above. A first
layer adjacent to an upper main surface of the substrate 10 is
an etch stop layer 502 for reliably stopping an etching of the
cavity 22. During the manufacture of the digital loudspeaker,
the etch stop layer 502 has been removed within the region
defined by the vertical prolongation of the cavity 22. A
remainder of the etch stop layer 502 is still present at some
regions of the upper main surface of the substrate 10, espe-
cially the rim region surrounding the cavity 22. The etch stop
layer 502 may be an oxide or tetraethyl orthosilicate (TEOS)
and typically has a thickness of 0.5 to 1.0 um.

The first stator 12 comprises, as shown in the embodiment
of FIG. 5, two layers. A first layer is a stoichiometric silicon
nitride (SiN) layer 122 with high tensile stress (approxi-
mately 1 GPa). The second layer is a highly doped (or highly
implanted) polysilicon layer 124. The polysilicon layer 124 is
typically thicker than the stoichiometric SiN layer 122. The
polysilicon layer 124 also serves as an electrode of a capacitor
formed by the first stator 12 and the membrane 14. Both
layers of the first stator 12 comprise a plurality of perforation
holes or air holes 1 for allowing a relatively rapid exchange of
air between the cavity 22 and the volume above the first stator
12. The first stator 12 is mainly provided in the sound trans-
ducing region of the digital loudspeaker and also in a region
to the right of the cavity 22 which serves as an electrical
connection of the first stator 12 to a connection pad 34c.

Adjacent to the left of the first stator 12 is a part of the
support structure 32. The support structure 32 also extends
upwards (away from the substrate 10). The support structure
32 is provided in a substantially angular region surrounding
the sound transducing region of the digital loudspeaker. In the
embodiment illustrated in FIG. 5, a radially outer surface of
the support structure 32 has a frustoconical shape. This frus-
toconical shape is circumferentially interrupted in a region of
the digital loudspeaker that is shown in the right part of FIG.
5, because the electrical connection pads 34a-34c¢ are pro-
vided in this region and require to be spread out. Accordingly,
the support structure 32 has a stepped or stair-like shape in
this region.

The membrane 14 is situated above the first stator 12. FIG.
5 shows the membrane 14 at a rest position in which the
membrane 14 is at a distance from the first stator 12, and
therefore does not mechanically contact the first stator 12.
The membrane 14 is supported by, or suspended, or fixed to
the support structure 32 at a radially outer region of the
membrane 14. The membrane 14 may comprise a crystallized
silicon layer obtained from deposited amorphous silicon. The
crystallization of the previously amorphous silicon occurs
during a controlled oven process during the manufacture of
the digital loudspeaker. A desired tensile stress of the mem-
brane 14 may be controlled via a temperature budget of the
controlled oven process. A phosphor doping of the silicon
layer serves to make the membrane 14 electrically conduc-
tive.

The membrane 14 comprises a number of structural fea-
tures such as the anti-sticking bumps 2, the corrugation
groove 3, and the pressure equalization hole 4. It will be
explained below how these structural features can be obtained
during the formation of the membrane 14.
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At a distance from the rest position from the membrane 14,
the second stator 16 is supported by an upper edge of the
support structure 32. This distance corresponds to a gap
between the membrane 14 and the second stator 16. In the
embodiment shown in FIG. 5, this gap width is substantially
the same as the gap width between the first stator 12 and the
membrane 14. The support structure 32 is typically deposited
during one or more depositing steps. For example, a first
depositing step may be performed after the first stator 12 has
been formed, and a second depositing step may be performed
after the membrane 14 has been formed. The thicknesst,, t, of
each layer of the support structure 32 is typically between 1
and 3 um. In order to have a symmetrical structure of the
digital loudspeaker, the layer thicknesses of the two individu-
ally deposited layers of the support structure 32 in FIG. 5 are
approximately equal. The support structure typically com-
prises a material selected from the following materials: oxide,
TEOS, BPSG (borophosphosilicate glass), or carbon.

The second stator 16 comprises two layers and thus has a
structure similar to the structure of the first stator 12. The
second stator 16 comprises a stoichiometric silicon nitride
layer 162 and a thicker, highly doped (or highly implanted)
polysilicon layer 164. The polysilicon layer 164 serves as an
electrode of a capacitor formed by the second stator 16 and
the membrane 14. The second stator 16 comprises a plurality
of air holes 1 and a plurality of anti-sticking bumps 2. Just as
the first stator 12, the second stator 16 either has a high
rigidity against deflection or is subjected to a pronounced
tensile stress, or both. The purpose of a high-rigidity and/or a
tensile stress may be to confer stability to the first and second
stators 12, 16. The high tensile stress, if present, is mainly
provided by the stoichiometric silicon nitride layers 122, 162.

A passivation layer 562 covers parts of the substrate 10 that
are still exposed, the support structure 32, as well as selected
parts of the first and second stators 12, 16. The passivation
layer 562 may comprise a plasma nitride (OxiNitride). As an
alternative, the passivation layer 562 may also be obtained
from, or on the basis of, polyimide. Some regions of the
digital loudspeaker are exempt from the passivation layer
562, such as the connection pads 34a-34c¢ and the upper
surface of the second stator 16 in the sound transducing
region.

In the exemplary configuration of FIG. 5 the extension of
the membrane region, or sound transducing region, is circular
with a diameter of 0.4 mm to 3 mm. Other forms such as
square, rectangular, or oval membranes are equally conceiv-
able.

FIG. 6A to FIG. 6E show a schematic layout of a circular
micro-loudspeaker during different stages of a manufacturing
process thereof. FIGS. 6A to 6E may also be understood as
cross-sections through the structure illustrated in FIG. 5 at
different vertical positions. Note that FIGS. 6A to 6E show
simplified layouts of the structure of the digital loudspeaker.

FIG. 6A shows a substrate 10 from above after the defini-
tion of the first stator 12 with a connection to the connection
pad 34¢ and air holes or perforation holes 1. The first stator 12
is deposited on the substrate 10 with a substantially circular
shape. The air holes 1 are, for example, concurrently formed
by suitably masking the surface of the substrate during the
deposition of the first stator material. The first stator 12 com-
prises an extension in the lower left direction in FIG. 6A
which terminates in a rectangular connection area 612.

FIG. 6B shows the stage subsequent to structuring the
membrane 14. The membrane 14 comprises dot-shaped or
point-shaped anti-sticking bumps 2 and, for example, one
corrugation ring 3 for increasing the sensitivity of the digital
loudspeaker. The membrane 14 is extended to the right by a
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conductive strip which terminates in a rectangular connection
area 614. The pressure equalization hole 4 is also formed in
the membrane 14. The pressure equalization hole 4 is typi-
cally needed to ensure static pressure equalization.

FIG. 6C shows a structured second stator 16 which com-
prises anti-sticking bumps 2 as well. The second stator 16 is
extended to the upper right by an electrically conductive strip
terminating in a rectangular connection area 616. Note that
the structuring of the support structure 32 is not shown in
FIGS. 6A to 6E for the sake of clarity.

FIG. 6D shows the state of the digital loudspeaker after a
metallization has been deposited on the connection areas 612,
614, and 616. Furthermore, a metallization has also been
deposited on the substrate 10 which can be seen on the upper
left corner of the substrate illustrated in FIG. 6D. These
metallizations form the connection pads 34 and 34a-34c¢ for
the substrate 10, the second stator 16, the membrane 14 and
the first stator 12, respectively.

FIG. 6E shows the substrate and the structure on the upper
main surface of the substrate 10 after the passivation layer 562
has been deposited on the upper surface of the substrate 10
and on the electrically conductive strips that connect the first
stator 12, the membrane 14, and the second stator 16 with the
connection pads 34a, 34b, and 34c, respectively. Further-
more, a pad opening action has occurred between the states
illustrated in FIGS. 6D and 6E. The dashed circle indicates a
position of the cavity 22 in the substrate 10, which has been
formed by means of a backside etching process. Therefore, it
is now possible to see through an air hole 1 within the second
stator 16, the pressure equalization hole 4 and one of the
plurality of air holes 1 in the first stator 12 all the way to the
cavity 22 (lower right area of the circular membrane in FIG.
6E).

FIGS. 7A to 70 show schematic cross-sections through a
portion of a wafer during various stages or steps of a manu-
facturing process of the digital loudspeaker according to the
teachings disclosed herein.

FIG. 7A shows the substrate at the beginning of the manu-
facturing process. The substrate 10 may be a silicon wafer in
which silicon is arranged in a mono-crystalline structure. At
least the upper main surface of the wafer and thus the sub-
strate 10 has been processed by means of polishing and/or
etching processes, in order to obtain a smooth surface. Typi-
cally, the lower main surface of the substrate has been pro-
cessed in the same manner.

In FIG. 7B a lower etch stop layer 502 has been deposited
at the upper main surface of the substrate 10. The lower etch
stop layer 502 ensures a reliable stop of an etching process for
forming the cavity 22 which occurs at a later stage of the
manufacturing process. The lower etch stop layer 502 is typi-
cally made from an oxide or TEOS. Its thickness is typically
between 0.5 and 1 um.

FIG. 7C shows a schematic cross-section of the wafer after
two layers for the lower or first stator 12 have been deposited
on the lower etch stop layer 502. It is desired that the first
stator 12 has a relatively high rigidity with respect to deflec-
tion and/or is subjected to a pronounced tensile stress in order
to attain the required degree of stability for its intended pur-
pose as a stator in the digital loudspeaker. For example, the
first stator 12 should be sufficiently rigid so that it does not
start to oscillate under the influence of air that is agitated by
the membrane 14 and flows through the plurality of air holes
1 which are formed in the first stator 12 at a later stage of the
manufacturing process. Furthermore, the membrane 14 is
designed to mechanically contact the first stator 12 periodi-
cally. The first stator 12 should be sufficiently rigid to avoid
self bending during capacitive actuation of the membrane
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(self bending should be less than 10% of the actuation of the
membrane). One way to achieve these desired specifications
is to build the first stator 12 from a combination of a stoichio-
metric silicon nitride layer 122 with high tensile stress (ap-
proximately 1 GPa) and a thicker, highly implanted polysili-
con layer 124.

FIG. 7D shows a schematic cross-section of the wafer
subsequent to a lithography of the first stator 12 (formed by
the stoichiometric silicon nitride layer 122 and the polysili-
con layer 124) and also subsequent to a structuring of these
stator layers 122, 124 down to the lower etch stop layer 502.
A recess 71 has been formed to the left and the right of the
stator layers 122, 124. Note that the recess 71 typically sur-
rounds the stator layer 122, 124, as the first stator 12 is, for
example, circular or square. At the same time, a plurality of air
holes 1 is formed in the first stator layers 122, 124.

In FIG. 7E, the sacrificial layer 32 has been deposited and
possibly tempered. The sacrificial layer 32 defines the gap
width between the first stator 12 and the membrane 14. The
thickness of the sacrificial layer 32 is typically between 1 pm
and 3 pm. The sacrificial layer 32 may be made from oxide,
TEOS, BPSG, or carbon. Note that, at a later stage, at least
some parts of the sacrificial layer 32 will form the support
structure in the completed digital loudspeaker (see, e.g., FIG.
5). Therefore, the same reference sign “32” indicates both, the
sacrificial layer and the support structure.

During the depositing of the sacrificial layer 32, a process
can be inserted to perform a lithography of a precursor form
of' the anti-sticking bumps 2 and of the corrugation groove 3.
The precursor forms ofthe anti-sticking bumps 2 are given by,
e.g., cone shaped recesses 72, (see FIG. 7F) while the precur-
sor form of the corrugation groove 3 is given by an annular
groove 73. This may be done during a single step. The pre-
cursor forms 72, 73 may either be obtained by etching the
sacrificial layer 32 or by applying a mask during the depos-
iting of the sacrificial layer 32. The creation of the precursor
forms 72, 73 is, however, optional and may be skipped if the
future membrane 14 does not comprise the anti-sticking
bumps 2 and the corrugation groove 3.

FIG.7G corresponds to a process stage after the membrane
layer 14 has been deposited on top of the sacrificial layer 32.
The membrane layer 14 may be deposited as amorphous
silicon, subsequently implanted or doped with phosphor, and
then crystallized in a controlled oven process. By means of
the temperature budget, the tensile stress within the mem-
brane layer 14 can be controlled. At the same time, the doping
also serves to render the membrane electrically conducting.
Subsequent to the controlled oven process, a lithography is
performed on the membrane layer 14 and thus the membrane
layer 14 is structured down to the sacrificial layer 32, as can be
seen on the left and the right of membrane layer 14. The
lithography on the membrane layer 14 also serves to form the
pressure equalization hole 4.

FIG. 7H shows the wafer after the following steps have
been performed. Another partial layer of the sacrificial layer
32 has been deposited on top of the membrane layer 14 and on
the already deposited sacrificial layer 32. Possibly, the addi-
tional layer of the sacrificial layer 32 has been tempered. The
additional sacrificial layer 32 defines the future gap width
between the membrane 14 and the second stator 16. The
thickness t, of the additional sacrificial layer is typically
between 1 um and 3 um, and is typically chosento be the same
as the thickness t; of the previously deposited sacrificial layer
32 between the first stator 12 and the membrane 14, for the
sake of symmetry. Again, the additional sacrificial layer 32
may comprise an oxide, TEOS, BPSG, or carbon.
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In a manner similar to what has been described in the
context of FIG. 7F, a process can be inserted during the
depositing of the additional sacrificial layer 32, in order to
perform a lithography of the precursor forms for the anti-
sticking bumps 2. The depositing of the additional sacrificial
layer 32 and the definition of the precursor forms may be
performed during a single step.

Subsequently, the layer for the second stator 16 is depos-
ited. Again, a combination of a stoichiometric silicon nitride
layer 162 with high tensile stress (approximately 1 GPa) and
a thicker, high-implanted polysilicon layer 164 may be used.
Thus, the second stator 16 has a high stability due to a high
rigidity against deflection and is subjected to a pronounced
tensile stress. The polysilicon layer 164 also serves as an
electrode for a capacitor formed by the second stator 16 and
the membrane 14.

A lithography is then performed on the second stator 16
and thus the second stator layers 162, 164 are structured down
to the sacrificial layer 32.

FIG. 71 shows how the oxide layers of the sacrificial layer
32 have been structured to expose the connection areas 612,
614, 616 (see FIGS. 6A to 6F) and the substrate 10.

FIG. 7] shows the wafer after the connection pads 34 have
been formed on the connection areas 612, 614, and 616. A
connection pad 34 has also been formed on the wafer 10 so
that the wafer 10 may be connected to a defined electrical
potential, for example, in order to electrically ground the
substrate 10. The connection pads 34 are formed by perform-
ing a lithography on the exposed surfaces of the wafer of FIG.
71 and by then performing a metallization in the areas that are
still exposed after the lithography. Electrically conducting
strips or lines may also be formed by means of the metalliza-
tion.

The result of a depositing step of a passivation layer 562 is
shown in FIG. 7K. The passivation layer 562 may consist of
aplasma nitride (OxiNitride), but could also be obtained from
polyimide. In order to provide an access to the connection
pads 34, the passivation layer 562 is etched in the correspond-
ing areas wherein the spatial action of the etching is con-
trolled by previously performed lithography on the passiva-
tion layer 562. A so-called MEMS area is also defined by the
lithography and exposed by the subsequent etching of the
passivation layer 562. The MEMS area is basically the sound
transducing region, i.e., the area above and beneath the
deflecting portion of the future membrane 14.

Subsequent to the intermediate process results illustrated
in FIG. 7K, the substrate 10 may optionally be thinned. Then,
backside masking is defined by means of either a photo resist,
or an oxide mask. A backside mask controls a backside etch-
ing process by means of which the cavity 22 is created. This
etching is intended to stop at the lower etch stop layer 502.
The etching may be a directed, isotropic dry etching process
(e.g., Bosch Process). Alternatively, an anisotropic or isotro-
pic wet etching process with a suitable mask design is also
possible. The result of these steps is illustrated in FIG. 7L.

As can be seen in FIG. 7M, the area outside of the MEMS
area is protected by means of a photo resist 765 at the front
side of the wafer before the subsequent steps are performed.

Then, as illustrated in FIG. 7N, the sacrificial layer 32 and
the lower etch stop layer 502 are removed by means of an
etching process via the cavity 22 and the photo resist 765. The
etching process is adapted to act on the employed sacrificial
layer 32 and has a high selectivity against the membrane layer
14 and the stator layers 122, 124, 162, and 164. At the same
time, the control of the etching process should ensure that the
different layers do not stick to each other. The sacrificial
layers 32 may be etched by a hydrofluoric acid and suffi-
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ciently rinsed. Then, as illustrated in FIG. 70, the photo resist
765 may be removed, the entire wafer rinsed one more time
with appropriate solvents, and dried. Amongst others, the
presence of the anti-sticking bumps 2 at the membrane layer
14 and a second stator layer 16 prevents a sticking of the
MEMS areas during the drying process.

FIG. 70 substantially corresponds to FIG. 5 and shows the
end product of a process for creating the digital loudspeaker
according to the teachings disclosed herein. The digital loud-
speaker may now be electrically connected via the connection
pads 34a-34¢ with a driving circuitry.

Since the manufacturing process of the digital loudspeaker
according to FIGS. 7A to 70 is performed in the context of a
wafer process, large groups of digital loudspeakers of basic
digital loudspeaker elements can be combined relatively eas-
ily in order to either, increase a power of sound radiation, or
to provide for a desired amplitude resolution of the audio
signal. In the latter case, the amplitude of the audio signal
controls how many basic loudspeaker elements of a loud-
speaker array are driven at a given time: only a few basic
loudspeaker elements are driven if the audio signal has a
relatively low amplitude. At a different time, a large number
or even all basic digital loudspeaker elements may be driven
if the audio signal has a relatively large amplitude. In this
manner, an array of several basic digital loudspeaker ele-
ments may approximate the wave form of the original audio
signal so that a remaining difference is possibly impercep-
tible to a listener.

FIG. 8illustrates a cross-section through an array of several
basic loudspeaker elements that are formed on a common
wafer or substrate 10. The basic loudspeaker elements of the
array may, for example, be arranged in a rectangular or square
manner with m lines and n columns, thus forming an mxn
array, where m>1 and/or n>1. A typical array may comprise
several hundreds of basic digital loudspeaker elements up to
hundreds of thousands basic digital loudspeaker elements.
The number of basic digital loudspeaker elements depends on
the desired resolution, the desired sound pressure level, and
the intended frequency range of a digital loudspeaker using
the array of basic digital loudspeaker elements.

FIG. 9 illustrates the concept of operation of the digital
loudspeaker according to the teachings disclosed herein. The
membrane 14 is arranged between the first stator 12 and the
second stator 16, when the membrane 14 is at its rest position.
The membrane 14 in its rest position is drawn in a continuous
line. When different electrical potentials are applied to the
first stator 12, the membrane 14, and the second stator 16, the
membrane 14 may be attracted to, e.g., the second stator 16,
that is, the membrane 14 is pulled up due to an electrostatic
force between the membrane 14 and the second stator 16. In
addition, a repelling electrostatic force may be created
between the membrane 14 and the first stator 12, if a driving
circuitry connected to the digital loudspeaker applies an elec-
trical charge to the membrane 14 and the first stator 12 that
leads to an electrical charge of the same sign within the
membrane 14 and the first stator 12 (either both are positively
charged, or both are negatively charged). According to the
teachings disclosed herein, the central portion of the mem-
brane 14 is pulled upwards until it contacts the second stator
16 (the membrane 14 in the upper end position is illustrated in
dashed line in FIG. 9). When the central portion of the mem-
brane 14 mechanically contacts a second stator 16, a stable
state has been reached because the electrostatic force of
attraction between the membrane 14 and the second stator 16
maintains the central portion of the membrane 14 in this
position as long as the electrostatic force persists. Therefore,
a drive signal provided by a driving circuitry simply has to
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ensure that a sufficiently high voltage is applied between the
membrane 14 and at least one of the two stators 12, 16.

The central portion of the membrane 14 does not mechani-
cally contact a flat area of the second stator 16, but rather the
tips of the anti-sticking bumps 2, only, which are in a region
of'the second stator 16 corresponding to the central portion of
the membrane 14. In the exemplary configuration shown in
FIG. 9, the membrane 14 does not mechanically contact the
leftmost anti-sticking bump and the rightmost anti-sticking
bump of the second stator 16.

The same is basically true when the membrane 14 is pulled
downward towards the first stator 12 (the membrane 14 in the
lower end position is drawn in dashed line in FIG. 9). In this
case, the anti-sticking bumps 2 are provided at a lower main
surface of the membrane 14. In both cases, the anti-sticking
bumps 2 prevent that an adhesive force between the mem-
brane 14 and either, the second stator 16 or the first stator 12
becomes too large, which would prevent membrane 14 from
returning to its central rest position, thus, potentially render-
ing the digital loudspeaker unusable.

The anti-sticking bumps formed on the lower main sur-
faces of the second stator 16 and the membrane 14 form
elevations that protrude from the surfaces. Thus, the mem-
brane mechanically contacts the first stator 12 and the second
stator 16 substantially at least one of these elevations, i.e., the
anti-sticking bump(s).

FIG. 10 shows a schematic top view of the membrane 14
when it is in its first end position, i.e., when the membrane
mechanically contacts the first stator 12. The anti-sticking
bumps 2 of the membrane 14 can be subdivided into two
groups: a first group of the anti-sticking bumps 2 participates
in the mechanical contact between the membrane 14 and the
first stator 12. These participating anti-sticking bumps or
protruding elevations 2 are contained in a circumscribing area
145. The circumscribing area 145 is defined by connecting
the outermost anti-sticking bumps that participate in the
mechanical contact so that a circumscribing area 145 typi-
cally is a polygon. In the alternative, the circumscribing area
145 could be a circumscribing circle or a circumscribing
ellipse. Outside of this circumscribing area 145, there are
only non-participating anti-sticking bumps 29. Note that
some of the non-participating anti-sticking bumps 29 could
also lie within the circumscribing area 145. However, if there
is a participating anti-sticking bump 2 that is situated farther
out within the circumscribing area 145, the definition of the
circumscribing area 145 is not altered by the presence of the
non-participating anti-sticking bump(s) 29. Other definitions
of the circumscribing area 145 may also be employed.

According to an optional aspect of the teachings disclosed
herein, the mechanical contact between the membrane 14 and
the first stator 12 or the second stator 16, while being in the
first position or in the second position, respectively, occurs
within a circumscribing area being between 30% and 90% of
a total free area of the membrane. The circumscribing area
145 comprises the contact spot or the contact spots (i.e., the
participating anti-sticking bumps 2), between the membrane
and the first stator 12, or the second stator 16, respectively.
Thetotal area of the membrane is typically the area defined by
the free volumes above and beneath the membrane 14. Thus,
the total area of the membrane 14 excludes any circumferen-
tial areas that are sandwiched within the support structure 32,
for example, according to this definition.

FIGS. 11A and 11B illustrate a method for operating the
digital loudspeaker. In FIG. 11A, both the membrane 14 and
the first stator 12 are charged with a negative electrical charge,
whereas in contrast, the second stator 16 is charged with a
positive electrical charge. This is achieved by applying a first
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electrical potential to the first stator 12, applying a second
electrical potential to the second stator 16, and applying a
third electrical potential to the membrane 14. Typically, the
first, second, and third electrical potentials are different to
each other. A difference between the first electrical potential,
the second electrical potential, and the third electrical poten-
tial causes the membrane 14 to be attracted to the second
stator 16, until it reaches a second end position in which the
membrane 14 mechanically contacts the second stator 16.
The mechanical contact between the membrane 14 and the
second stator 16 involves an upper main surface 141 of the
membrane 14, and a lower main surface 161 of a second stator
16.

FIG. 11B shows the digital loudspeaker when membrane
14 is attracted by the first stator 12. The membrane 14 then
mechanically contacts the first stator 12 at an upper main
surface 121.

According to an optional aspect of a method for operating
a digital loudspeaker, at least one of the first electrical poten-
tial, the second electrical potential, and the third electrical
potential may vary over time with a frequency that substan-
tially corresponds to a resonance frequency of the membrane
14. A mechanical resonance frequency of the membrane 14
may be relatively high, well above the audible frequency
range of a human being. However, a digital loudspeaker may
be operated so that the sound wave is created from a super-
position of many small pressure pulses that are spatially and/
or temporally distributed. Thus, the audio signal may be
reconstructed by such a superposition if the driving signals
for an array of basic digital loudspeaker elements are appro-
priately controlled by, for example, means of an array con-
troller.

FIG. 12 shows a schematic flowchart of a method for
operating a digital loudspeaker according to the teachings
disclosed herein. At 1202 a first electrical potential is applied
to the first stator 12. At 1204, a second electrical potential is
applied to the second stator 16. At 1206, a third electrical
potential is applied to the membrane 14. The actions 1202,
1204, and 1206 may be performed in any other order and are
typically formed concurrently so that different electrical
potentials are applied to the stators 12, 16, and the membrane
14 at a specific time instant.

At 1208, the different electrical potentials cause the first
stator 12, or the second stator 16 to attract the membrane 14
until the membrane 14 reaches a first end position or a second
end position, respectively. In the first position, the membrane
14 mechanically contacts the first stator 12. In the second end
position, the membrane 14 mechanically contacts the second
stator 16.

Typically, at least one of the first electrical potential, the
second electrical potential, and the third electrical potential is
varied over time in order to cause the membrane to alternat-
ingly assume the first end position and the second end posi-
tion, as indicated in an optional block 1210. For example, an
oscillator may be connected to at least one of the first stator
12, the second stator 16, and the membrane 14. Another
option would be to connect, for example, the first stator to a
pair of switches which, in turn, are connected to different
electrical potentials. The pair of switches may be alternat-
ingly operated so that the first stator 12 is alternatingly con-
nected to one of the different electrical potentials. Of course,
a similar structure may be used to apply alternatingly varying
electrical potentials to the second stator 16 or the membrane
14. An exemplary implementation of a driving circuit for
driving at least one of the first stator, the second stator, and the
membrane may comprise an H-bridge.
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Although some aspects have been described in the context
of an apparatus, it is clear that these aspects also represent a
description of the corresponding method, where a block or
device corresponds to a method step or a feature of a method
step. Analogously, aspects described in the context of a
method step also represent a description of a corresponding
block or item or feature of a corresponding apparatus.

The above described embodiments are merely illustrative
for the principles of the present invention. It is understood that
modifications and variations of the arrangements and the
details described herein will be apparent to others skilled in
the art. It is the intent, therefore, to be limited only by the
scope of the impending patent claims and not by the specific
details presented by way of description and explanation of the
embodiments herein.

What is claimed is:

1. A digital loudspeaker comprising:

a substrate;

a first stator fixed with respect to the substrate;

a second stator fixed with respect to the substrate and

spaced at a distance from the first stator; and

a membrane between the first stator and the second stator

and displaceable between a first position in which the
membrane mechanically contacts the first stator and a
second position in which the membrane mechanically
contacts the second stator,

wherein the first stator and the second stator are arranged to

electrostatically move the membrane between a rest
position spaced apart from the first position and the
second position and the first position and the second
position, and

wherein at least one of the first stator and the second stator

comprises at least one elevation protruding from a sur-
face thereof facing the membrane, wherein the mem-
brane mechanically contacts the first stator and the sec-
ond stator substantially at the elevation, or

wherein the membrane comprises at least one elevation

protruding from a membrane surface in a direction of at
least one of the first stator and the second stator.

2. The digital loudspeaker according to claim 1, wherein
the first stator and the second stator extend substantially par-
allel to a main surface of the substrate.

3. The digital loudspeaker according to claim 1, wherein
the first stator is spaced from the membrane by a first gap
width at the rest position and the second stator is spaced from
the membrane by a second gap width at the rest position,
wherein the first gap width is substantially the same as the
second gap width.

4. The digital loudspeaker according to claim 1, further
comprising a support structure that connects the substrate to
the second stator.

5. The digital loudspeaker according to claim 1, wherein
the mechanical contact between the membrane and the first
stator while in the first position or the membrane and the
second stator while in the second position occurs within a
circumscribing area that is between 30% and 90% of a total
area of the membrane, the circumscribing area comprising a
contact spot or contact spots between the membrane and the
first stator or the second stator.

6. The digital loudspeaker according to claim 1, wherein
the first stator comprises a main layer of a stator material and
a tension stress layer.

7. The digital loudspeaker according to claim 6, wherein
the stator material comprises polysilicon and the tension
stress layer comprises silicon nitride.
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8. The digital loudspeaker according to claim 1, wherein at
least one of the first stator, the second stator and the mem-
brane comprises doped semiconductor material.

9. The digital loudspeaker according to claim 1, wherein at
least one of the first stator, the second stator, and/or the
membrane comprises an opening for connecting a first vol-
ume at a first main surface with a second volume at a second
main surface of the first stator, the second stator, or the mem-
brane, respectively.

10. The digital loudspeaker according to claim 1, wherein
the substrate comprises a cavity adjacent to the first stator.

11. The digital loudspeaker according to claim 1, wherein
the first stator, the membrane, and the second stator are
arranged within a stack over a main surface of the substrate.

12. The digital loudspeaker according to claim 1, wherein
the membrane comprises a corrugation for facilitating a
deflection of the membrane to the first position and the second
position.

13. The digital loudspeaker according claim 1, further
comprising an electrical potential provisioning structure
adapted to provide a first electrical potential to the first stator,
a second electrical potential to the second stator, and a third
electrical potential to the membrane, the electrical potentials
being at least temporarily different one from the other.

14. The digital loudspeaker according to claim 1, wherein
the at least one of' the first and the second stator comprises the
at least one elevation protruding from the surface facing the
membrane and wherein the membrane comprises the at least
one elevation protruding from the surface in the direction to
the other stator.

15. The digital loudspeaker according to claim 14, wherein
the second stator comprises the at least one elevation protrud-
ing from the surface facing the membrane and wherein the
membrane comprises the at least one elevation protruding
from the surface in the direction to the first stator.

16. A digital loudspeaker arrangement comprising:

an array of digital loudspeakers; and

a substrate that is common for the array of digital loud-

speakers;

wherein each digital loudspeaker comprises:

a first stator fixed with respect to the substrate;

a second stator fixed with respect to the substrate and
spaced at a distance from the first stator; and

a membrane between the first stator and the second
stator and displaceable between a first position in
which the membrane mechanically contacts the first
stator and a second position in which the membrane
mechanically contacts the second stator,

wherein the first stator and the second stator are arranged
to electrostatically move the membrane from a rest
position spaced apart from the first position and the
second position to the first position and the second
position, respectively, and

wherein at least one of the first stator and the second
stator comprises at least one elevation protruding
from a surface thereof facing the membrane, wherein
the membrane mechanically contacts the first stator
and the second stator substantially at the elevation, or

wherein the membrane comprises at least one elevation

protruding from a membrane surface in a direction of at

least one of the first stator and the second stator.

17. A digital loudspeaker comprising:

a membrane having a first main surface and being arranged

in a sound transducing region;

a first stator having a second main surface in parallel to the

first main surface of the membrane on a side of afirst free
volume opposite the first main surface; and
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a second stator having a third main surface in parallel to the
first main surface of the membrane on a side of a second
free volume adjacent to the first main surface,

wherein the membrane has a rest position spaced apart
from the first stator and the second stator, and wherein
the first stator and the second stator are adapted to elec-
trostatically attract the membrane towards the first stator
or the second stator until the membrane mechanically
contacts the first stator or the second stator, respectively,
and

wherein at least one of the first stator and the second stator
comprises at least one elevation protruding from a sur-
face thereof facing the membrane, wherein the mem-
brane mechanically contacts the first stator and the sec-
ond stator substantially at the elevation, or

wherein the membrane comprises at least one elevation
protruding from a membrane surface in a direction of at
least one of the first stator and the second stator.
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